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Crystalline properties of semicrystalline polymers are very important parameters that can influence the application area. The
internal structure, like the mentioned crystalline properties, of polymers can be influenced by the production technology itself
and by changing technology parameters. The present work is devoted to testing of electrospun and centrifugal spun fibrous and
nanofibrous materials and compare them to foils and granules made from the same raw polymer. The test setup reveals the
structural differences caused by the production technology. Effects of average molecular weight are also exhibited. The applied
biodegradable and biocompatible polymer is polycaprolactone (PCL) as it is a widespread material for medical purposes. The
crystallinity of PCL has significant effect on rate of degradation that is an important parameter for a biodegradable material and
determines the applicability. The results of differential scanning calorimetry (DSC) showed that, at the degree of crystallinity, there
is a minor difference between the electrospun and centrifugal spun fibrous materials. However, the significant influence of polymer
molecular weight was exhibited. The morphology of the fibrous materials, represented by fiber diameter, also did not demonstrate
any connection to final measured crystallinity degree of the tested materials.
1. Introduction
Electrospinning and centrifugal spinning are widespread
technologies for production of fibrous and nanofibrousmate-
rials nowadays. The final products are partiality used for
medical applications mainly as drug delivery systems, wound
dressings, and scaffolds for tissue engineering. The applied
polymericmaterials are usually biodegradable, which are typ-
ically semicrystalline ones, thus consisting of amorphous and
crystalline phases.Thepolymer in the amorphous state has an
unordered structure contrary to the crystalline material that
exhibits orderliness. The arranged areas are called crystallites
and their sizes are generally of hundreds of nanometers
[1]. The crystalline phase has a higher density and stiffness
compared to the amorphous phase. The crystallinity of the
same raw polymer material differs with the use of different
treatment or production technologies [1].
In some studies, it is indicated that electrospun fibers
from polymer solutions have a lower crystallinity than fibers
produced frommelts or foils from dilute solutions.The cause
of lower crystallinity is usually explained by the relatively
quick deposition of fibers (the jet velocity during needle
electrospinning for polyethyleneoxide/water solutions was
measured from 0.5 to 5m/s) onto the collector during
electrospinning, which does not allow enough time to evolve
high crystalline portion in the final fiber. Besides there is
an opportunity to influence slightly the final crystallinity of
the fibers at a given technology by varying the processing
conditions [2–4].
The degree of crystallinity (crystalline ratio) is very
important for a polymer material degradation point of view
and it is known that the amorphous parts degrade preferably.
At the beginning of degradation, crystallites appear on
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the surface of polymeric material, which may explain the
mentioned preferential degradation of the amorphous phase
of the polymer. Because of the more stable structure of the
crystallites, there is a direct proportionality between the
degradation rate and the initial crystallinity [5]. The degree
of crystallinity of the fibers determines the degradation time
that is one important property from an implanted material
point of view. On the other hand, higher crystallinity means
higher strength properties that is also basically important.
The formed morphology of a semicrystalline polymer mate-
rial depends on the crystallization conditions. In case of
electrospinning and centrifugal spinning, these conditions
include the polymer solution concentration, polymer molec-
ular weight, and presence and type of nucleating agents.
The crystallization conditions are of course connected with
production technology parameters (process and material
conditions).
Polycaprolactone (PCL) is a hydrophobic, semicrystalline
polymer having a glass transition temperature (𝑇𝑔) of −60
∘C
and crystalline melting point ranging between 59 and 64∘C.
Its crystallinity tends to decrease with increasing molecular
weight, that is typical for semicrystalline polymers. PCL is
soluble in chloroform, dichloromethane, carbon tetrachlo-
ride, benzene, toluene, cyclohexanone, and so forth at room
temperature. This polymer has a low solubility in acetone,
butanone, ethyl acetate, dimethylformamide, diethyl ether,
and so on and is insoluble in alcohol, petroleum ether, diethyl
ether, and so forth [6]. The PCL homopolymer has a total
degradation of 2–4 years depending on the startingmolecular
weight of the applied material and structural properties as
porosity, thickness, total specific surface, and so on. The rate
of hydrolysis can be altered by copolymerization with other
lactones or glycolides/lactides. The degradation accelerates
in enzyme rich or acidic environment. Nowadays, typical
medical usage of PCL materials is drug delivery systems and
scaffolds for tissue engineering of bones, cartilages, tendon
and ligaments, blood vessels, skin, and nerves and as medical
devices mainly as sutures and wound dressing [6, 7].
If electrospinning solution technology is taken into con-
sideration, the relevant processing parameters are applied
electrical voltage, distance between spinning electrode and
collector, ambient temperature and humidity, type of poly-
mer, its molecular weight, type of solvent/solvents, and poly-
mer solution concentration However, the degree of influence
of these parameters on the crystallinity of the resulting
polymer fibers is not straightforward. Ero-Phillips et al.
[8] investigated the effect of the applied electric voltage at
electrospinning on the crystallinity of the produced PLA
nanofibers. They found that the effect of the applied voltage
has strong effect on the crystallinity, which depends also
significantly on the solution concentration, and the collector
distances also have some effect. In contrast, Kołbuk et al.
[9] exhibited just slight influence of applied electric volt-
age (polycaprolactone/chloroform/methanol; polycaprolac-
tone/chloroform/dimethylformamide) to the resulting crys-
tallinity of the electrospun fibers.
Distance between spinning electrode and collector has
usually only moderate influence to the final crystallinity of
an electrospun fibrous material. However, it is important that
the fiber had time to elongate, organize macromolecules, and
thus influence the morphology and diameter of the resulting
electrospun fibers. Overall, fibers with longer trajectories
have usually higher molecular orientation and their crys-
tallinity is also higher [8, 10]. The temperature and humidity
of the ambient environment in which the process of spinning
proceeds have an influence on spinning of polymer solutions
and the rate of evaporation of the solvent [11]. The more
volatile the solvent is, the faster the evaporation occurs in
the formation of fibers and therefore the crystallinity of the
formed fibers is lower. It is necessary to avoid too fast drying,
or on the contrary too slow [8, 12].
The parameters of centrifugal spinning, which influenced
the crystallinity of final fibers, are mainly peripheral velocity
of spinneret, distance between spinneret and collector, solu-
tion concentration, and type of polymer and its molecular
weight. Lu et al. [13] investigated the effects of the centrifugal
spinning parameters on the crystallinity of polyacrylonitrile
fibers using polyacrylonitrile/dimethylformamide solution
as raw material. They found that the increasing peripheral
velocity increased the degree of final fibers crystallinity and
similar effect was exhibited by increasing distance between
spinneret and collector. In contrast, increasing polymer solu-
tion concentration caused decrease in final fibrous material
degree of crystallinity.
The presenting article is devoted to measure the degree of
crystallinity of two fibrous materials prepared from different
solutions and melts and by different technologies, investigat-
ing the effects of these parameters. The fibrous materials are
compared with basic granules and foils prepared from used
solutions.The article shows how the spinning technology and
solution parameters influenced the final material degree of
crystallinity.
2. Materials and Methods
The investigated material was poly-𝜀-caprolactone (PCL) in
pellet form, having an average molecular weight of 𝑀𝑛
= 45,000 g/mol (PCL45) and 𝑀𝑛 = 80,000 g/mol (PCL80),
density 1.145 gcm−3, melting point 60∘C from Sigma Aldrich
Inc. and dissolved in different solvents and solvent mixtures
(chloroform, ethanol, methanol, ethyl acetate, dimethylsul-
foxid (DMSO), dimethylacetamide (DMAc)). The solutions
were mixed for 24 hours by a magnetic stirrer. The final
solutions were as follows: (A) 16 wt% PCL45 dissolved in
chloroform/ethanol in ratio 9 : 1 by weight; (B) 12 wt% PCL80
dissolved in chloroform/ethanol in ratio 9 : 1 by weight; (C) 16
wt% PCL45 dissolved in chloroform/methanol in ratio 9 : 1 by
weight; (D) 7 wt% PCL80 dissolved in chloroform/methanol
in ratio 3 : 1 by weight; (E) 24 wt% PCL45 dissolved in ethyl
acetate/DMSO in ratio 8 : 2 by weight; (F) 24 wt% PCL45
dissolved in ethyl acetate/DMAc in ratio 8 : 2 byweight.These
solutions were chosen according to experience from previous
experiments and literature [9, 14, 15] for their willingness
to be relatively well spun by electrospinning or centrifugal
spinning. Unfortunately, it was impossible to find only
one concentration for spinning of all materials to compare
them.
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Figure 1: Spinning devices: (a) needle electrospinning with metal needle connected to the dosing equipment and high voltage source and
grounded metal plat collector; (b) Nanospider for needleless electrospinning technology and string spinning electrode (arrowed); (c)
centrifugal spinning laboratory device with rotating disk and eight collecting cylinders arranged in a circle; (d) machine for cotton candy
productionThe Breeze 3030EX used for melt centrifugal spinning.
Three different devices were used for spinning of the
above-mentioned solutions: needle electrospinning, needle-
less electrospinning, and centrifugal spinning. The needle
electrospinning apparatus (see Figure 1(a)) used for electro-
spinning experiments consists of a syringe equipped with a
metal hypodermic needle of internal diameter of 0.5mm and
length of 40mm. The needle was connected to the positive
pole of a high voltage source (Spellman SL 150) and placed
in the feeding device (KDScientific KDS-100). A grounded
metallic place was used as a collector.The process parameters
were positive voltage of 20 kV at the needle; the distance
between needle end and the collector surface adjusted to
250mm; feeding velocity 2mlh−1; laboratory temperature
24 ± 2∘C; and ambient humidity 42 ± 5% RH. These samples
were signed according the solution compositions A–F.
As a needleless electrospinning device (see Figure 1(b))
was used machine Nanospider NS 1WS500U (Elmarco, CZ)
with string spinning electrode of 200𝜇mdiameter.The string
is attached to a dosing equipment, to which was always
metered at least 20mL of prepared polymer solution. The
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dosing equipment was connected by a pneumatic mecha-
nism. Contact and correct dosing of the solution onto string
spinning electrode was ensured by using a die having a
diameter of 700 𝜇m. Other process parameters were positive
voltage of 26 ± 4 kV at the string spinning electrode; the
distance between spinning electrode and the collector surface
being 190mm; laboratory temperature 23±1∘C; and ambient
humidity 34 ± 3% RH. These samples are signed according
solution compositions As–Fs.
The centrifugal spinning was done with a laboratory
device (see Figure 1(c)) consisting of rotating metal disk
connecting with an electric engine. The central rotating disk
of 50mm in diameter was surrounded by eight collecting
cylinders arranged in a circle in 260mm in diameter. The
used peripheral speed was 27m/s. The polymer solution was
dripped onto the rotating disc from 100mm distance and the
fibers were finally taken from collecting cylinders. Samples
produced by centrifugal spinning were marked according
the solution compositions Ac–Dc. The solutions E and F
were not able to sufficiently spin by the centrifugal spinning
technology. Also the melt centrifugal spinning technology
was used for comparison with samples produced from
solutions. The machine for cotton candy mass production
The Breeze 3030EX (Gold Medal Funfood Equipment and
Supplies, USA) was applied for spinning of PCL45 and
PCL80. The fibrous samples produced by melt centrifugal
spinning were marked as X45 and X80 according the used
polymer molecular weight.
All polymer solutions were also transformed into foils.
The solution (1mL) was poured onto an aluminum foil and
left to dry at laboratory conditions (43% RH; 23∘C). The
dry foils were peeled away and tested as samples Af–Ff
supplementary to the fibrous materials.
The crystallinity was analyzed by DSC analysis (TA
Instruments, type Q2000). The DSC measurements param-
eters were as follows: weight of each sample was 10 ±
0.5mg; heating and cooling rate was 10∘C/min; start tem-
perature was 20∘C and maximal temperature was 75∘C; the
heating/cooling/heating regime was chosen. Five different
samples from each material were measured. The values for
the degree of crystallinity were calculated using the following
[9]:
𝜒𝑐 =
∫
∞
0
(𝑑𝐻/𝑑𝑡) 𝑑𝑡
Δ𝐻0
, (1)
where𝜒𝑐 is the degree of crystallinity,𝐻 is enthalpy relative to
theweight, 𝑡 is time, then𝑑𝐻/𝑑𝑡 is the rate ofmelting per unit
mass, and Δ𝐻0 is enthalpy of 100% crystalline PCL material,
respectively, specific heat of fusion of 100% crystalline PCL
taken as 139,5 J⋅g−1 [16, 17]. The DSC measurements were
carried out under a nitrogen atmosphere. The crystallinity of
fibers was calculated from peak representing the first heating
of the sample.
Samples structureswere analyzed using scanning electron
microscopy (SEM; Tescan Vega S3 EasyProbe and 638LVa
JEOL) and image analyzer software (Lucia G 4.82, LIM).
Each specimen was coated with gold in a sputtering device
Quorum Q150R ES. The average fiber diameter of each
sample was determined using average value for one hundred
measurements.
3. Results and Discussion
3.1. FiberMorphology. Scanning electronmicroscopic images
confirmed that solution composition and used technology
changed the final fibrous structures.Themain differences are
in average fiber diameter and amount of defects (mainly in
a form of spherical drops, beads, and thick fibers). Figure 2
illustrates chosen SEM images of needle and needleless
electrospun fibers. The diameter of fibers reflects all of
the parameters acting on the fiber during electrospinning
(solution concentration, polymer molecular weight, electro-
spinning technology, etc.).
It can be seen in Figure 2 that the molecular weight has
major effect on the awaking fiber structure for the needle
electrospinning technology mainly. In case of samples A and
B, the solvent system is the same, and even if the PCL80
was in lower concentration (usually without the molecular
weight change, it causes lower fiber diameter), the fiber
diameter increased. This effect can be explained by that
longer molecules have more intermolecular connections and
entanglements that decrease the molecular mobility and the
molecules relative movement to each other is hampered
that results in larger diameter. Contrary effect was observed
for chloroform/methanol solvent (Figures 2(C) and 2(D)),
but significantly lower concentrations and different ratios of
solvents were used for sample D. The presence of methanol
instead of ethanol resulted in slightly higher average diameter
(samples A and C), what can be explained by different
interactions between macromolecules inside these spinning
solutions. In case of using needleless electrospinning method
for the PCL80, the spinning results in lower average diameter
of fibers for samples Bs and Ds compared to spun samples
from PCL45 (As and Cs). The interesting phenomenon is
done by bimodal fibrous structure of materials made from
PCL45 as it is visible on Figures 2(As) and 2(Cs). These
samples contain very thin fibers but also fibers with higher
diameter. Thus, finally, the total average fiber diameter for
samples from PCL45 seems higher than the average fiber
diameter for PCL80. For these solvents, the technology has
major effect: the average diameter is less for needleless
electrospun mats than the needle spun ones. This phe-
nomenon can be explained by the higher applied voltage
and smaller collector distance for needleless electrospinning.
The same production conditions for needle and needleless
electrospinning could not be set because of termination
one or, respectively, second electrospinning type. Overall, it
causes higher repulsive forces in the spinning volume for
this setup of needleless electrospinning that is favorable for
forming thin fibers. Samples A (As), D (Ds), and F (Fs) do not
show any significant changes in fiber diameter influenced by
electrospinning technology change. Their confidence inter-
vals overlap each other. Sample Es contained thinner fibers
compared to sample E but also contained many defects; in
this case, the needleless electrospinning was hardly feasible.
The final fibrous structures produced by solution and
melt centrifugal spinning are introduced by chosen SEM
Journal of Nanomaterials 5
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Figure 2: Scanning electronmicroscope images of chosen fibrousmaterials produced by needle (A–F) and needleless (As–Fs) electrospinning
technology and graph representing average fiber diameter with error bars representing 95% confidence intervals. The scale bar is 10 𝜇m at all
images.
images in Figure 3. Also these images confirm that solution
composition, polymer molecular weight, and type of tech-
nology strongly influenced the final fibrous structures. The
melt centrifugal spun materials had the highest average fiber
diameter and the results correspond with the prediction that
the higher molecular weight causes the higher fiber diameter.
If the electrospinning methods to the nonelectrospinning
ones are compared, it is clear that thinner fibers are made
by electrospinning, but other methods contain less defects
mainly in pearl form.
3.2. Fibrous Materials Crystallinity. The DSC analysis was
used for finding the degree of crystallinity of all tested sam-
ples and crystalline melting temperature of them. Figure 4
illustrates a typical DSC scan registered during all proce-
dure heating/cooling/heating constrained tested material at
10∘C/minute. The DSC measurements show (see Table 1 and
Figure 5) that the melting temperature of all materials did
not significantly change with solution composition, molec-
ular weight of applied polymer and technology. For the
fibers, the 95% confidence interval represents the structure
6 Journal of Nanomaterials
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Figure 3: Scanning electron microscope images of chosen fibrous materials produced by centrifugal spinning from solutions (Ac–Dc) and
melts (X45; X80) and graph representing average fiber diameter with error bars representing 95% confidence intervals. The scale bar is 10𝜇m
at all images.
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Figure 4: An example of DSC scan for one sample E (solution
24wt% PCL45 needle electrospun from ethyl acetate/DMSO (8 : 2))
showing parts of the curve representing 1st heating, cooling, 2nd
heating, and width at half height at cooling part of curve.
inhomogeneities of mats formed by electrospinning and cen-
trifugal spinning. According to data in Table 1 and Figure 6,
it is obvious that degree of crystallinity does not strongly
depend on solvent composition in case of samples spun from
PCL45, which is in contradiction with the results in the
publication [9]. The authors used the very small quantities
of material around 1mg for DSC testing, which could cause
distortion of the results. On the contrary, the samples made
fromPCL80 show in all technologies (needle electrospinning,
needleless electrospinning, centrifugal spinning, and foils)
significantly higher degree of crystallinity for samples made
from ethanol solutions than from methanol solutions. If
the comparison between the crystallinity degree of origin
granules and spun materials is followed, there can be found
that, for the first heating, one can conclude that, in case
of PCL 45 at all spinning technologies, the crystallinity
decreased and, in case of the PCL 80 at the electrospin-
ning technologies, the degree of crystallinity decreased. The
data presenting in Table 1 and Figure 6 show moderate
dependence of used technology to degree of crystallinity
(measured for the 1st heating and representing the influence
of the technology or treatment of polymer material). The
strong dependence of used molecular weight of PCL to
degree of spun fiber crystallinity was confirmed. The degree
of crystallinity for samples made from PCL80 was in all
cases (electrospun, needleless electrospun, centrifugal spun
samples from polymer solutions, foils, and origin granules)
exceptmelt centrifugal spun samples (X45 andX80) that were
significantly lower than for samples made from PCL45.
The sharpness of the phase transition is often expressed
as the temperature width at half height [18]. Decreasing with
at half height means that more perfect crystals are present,
or the crystallite size distribution is reduced [19]. Usually
if more perfect crystals are present, the crystalline melting
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Table 1: Overview of data obtained fromDSC curves analysis for all tested fibrous and nonfibrousmaterials:𝑇𝑚 (
∘C)melting temperature;𝑋𝑐
(%) degree of crystallinity calculated from the 1st heating, cooling, and 2nd heating and width at half height (∘C). Data represent average value
and 95% confidence interval. The gray-tinged cells symbolize materials produced from raw PCL of molecular weight𝑀𝑛 = 80,000 g/mol.
PCL
solution Technology
𝑀𝑛
(g/mol)
𝑇𝑚 (
∘C)
1st heating
𝑋𝑐 (%)
1st heating
𝑋𝑐 (%)
cooling
𝑋𝑐 (%)
2nd heating
Width at half
height
(∘C)
A
Needle
electrospinning
45,000 59.9 ± 0.2 63.8 ± 1.2 47.4 ± 0.5 49.3 ± 1.1 6.0 ± 0.2
B 80,000 58.3 ± 0.2 52.2 ± 1.0 36.9 ± 0.3 40.3 ± 1.1 4.8 ± 0.6
C 45,000 60.3 ± 0.5 62.9 ± 2.7 46.3 ± 0.3 47.5 ± 1.6 6.0 ± 0.3
D 80,000 59.3 ± 0.2 49.6 ± 2.1 36.8 ± 1.7 40.1 ± 1.0 7.8 ± 0.2
E 45,000 59.6 ± 0.5 63.4 ± 1.7 47.2 ± 0.4 47.7 ± 1.6 4.4 ± 0.2
F 45,000 60.3 ± 0.2 64.9 ± 0.6 46.4 ± 0.7 48.0 ± 1.2 4.4 ± 1.0
As
Needleless
electrospinning
(Nanospider)
45,000 60.0 ± 0.2 64.8 ± 0.9 46.8 ± 0.6 49.9 ± 1.2 5.8 ± 0.2
Bs 80,000 59.5 ± 0.3 52.8 ± 0.8 35.6 ± 0.6 38.7 ± 1.4 11.6 ± 0.5
Cs 45,000 59.2 ± 0.3 62.6 ± 0.9 46.7 ± 0.6 49.7 ± 1.3 4.9 ± 0.5
Ds 80,000 59.6 ± 0.1 51.5 ± 1.6 36.6 ± 0.6 39.9 ± 0.7 7.9 ± 0.2
Es 45,000 59.0 ± 0.1 65.2 ± 0.7 44.6 ± 1.1 47.6 ± 1.5 4.7 ± 0.3
Fs 45,000 59.7 ± 0.2 64.4 ± 1.2 46.2 ± 0.6 49.7 ± 1.2 4.0 ± 0.4
Ac
Solution centrifugal
spinning
45,000 60.3 ± 0.3 62.6 ± 0.4 50.1 ± 0.2 48.6 ± 0.5 7.0 ± 0.3
Bc 80,000 60.3 ± 0.4 59.3 ± 1.3 48.0 ± 1.0 46.8 ± 0.8 7.3 ± 0.4
Cc 45,000 60.8 ± 0.5 60.9 ± 1.3 48.3 ± 0.8 48.4 ± 0.7 6.8 ± 0.4
Dc 80,000 60.2 ± 0.4 50.0 ± 1.0 39.2 ± 0.6 38.5 ± 1.3 11.3 ± 0.8
X45 Melt centrifugal
spinning
45,000 60.7 ± 0.5 59.1 ± 1.3 48.1 ± 0.8 45.2 ± 0.6 6.4 ± 0.6
X80 80,000 60.8 ± 0.1 58.8 ± 0.6 47.5 ± 0.3 47.6 ± 1.1 6.5 ± 0.3
PCL 45 Granules 45,000 60.1 ± 1.4 66.4 ± 1.9 47.3 ± 1.8 47.4 ± 2.4 7.7 ± 0.2
PCL 80 80,000 58.7 ± 0.2 56.6 ± 0.9 38.2 ± 0.3 41.7 ± 1.6 7.0 ± 0.2
Af
Foils
45,000 61.5 ± 0.5 67.2 ± 0.8 48.1 ± 0.9 49.7 ± 1.8 10.0 ± 1.1
Bf 80,000 60.9 ± 0.5 59.2 ± 0.7 49.5 ± 0.4 41.0 ± 1.3 8.6 ± 0.7
Cf 45,000 61.4 ± 0.4 67.7 ± 0.4 40.2 ± 0.8 48.6 ± 0.9 6.6 ± 0.5
Df 80,000 60.4 ± 0.5 57.9 ± 0.4 48.4 ± 0.4 41.3 ± 0.8 6.5 ± 0.4
Ef 45,000 64.4 ± 0.5 61.0 ± 1.4 40.0 ± 0.3 47.2 ± 0.5 6.9 ± 0.4
Ff 45,000 61.2 ± 0.7 69.9 ± 2.6 47.7 ± 0.9 49.2 ± 1.6 4.6 ± 0.9
temperatures increase. In the investigated materials, there
were no significant changes observed for the melting points
ergo and the decreasing half height with represents more
uniform crystallite size distribution that is an important
parameter from the biodegradation point of view. Except
for some instances (D types and Bs), one can conclude that
the more homogenous crystallite size distributions could be
achieved by the electrospinning technologies compared to
other ones.
The melting temperatures introduced in Table 1 and
Figure 5were not influenced by the fibrousmaterial structure.
There is no connection between melting temperature and
fiber diameter. It is also significant that the all the samples
had the higher crystallinity at the first heating compared to
the second one.
4. Conclusions
The measured data in the presenting study show that the
process parameters (spinning technology changes) and the
material parameters (solvent systems, polymer molecular
weight, concentration, etc.) have a significant impact on
the final morphology of the produced fibrous materials.
However, the influence on the crystallinity to the spinning
technology for the fiber samples was minimal. The crys-
tallinity differed in a few percentage units only. Nevertheless,
the influence of the changes in the concentration, the used
solvent system, and molecular weight of the origin polymer
material to the final fiber crystallinity changes have been
shown. At the same time, there was no correlation found
between the crystallinity of the fibers and their diameter.
Investigation of internal structures of fibrousmaterials is very
important given the prediction of their behavior in end-use
applications. Detection of crystallinity is closely related to
material biodegradation and therefore it is necessary to pay
more attention to these studies.
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